To study the multi-scale dynamics of the cochlea, we have modeled the cochlea through a combination of analytical and numerical methods. Each scala duct in the cochlea has been modeled as a tapered prismatic box, and the scalae are connected to each other at the helicotrema , as shown in Fig. S1A . The Reissner's membrane is assumed to be acoustically transparent and the pressure and velocity fields of the scala media (SM) and the scala vestibuli 
subject to the boundary condition at the fluid-structure interface given by
where n is the local coordinate normal to the fluid-structure interface, ω is the angular frequency, c is the speed of sound in water, µ is the dynamic viscosity, γ 2 = jωρ f /µ, α = 1 + 4jµω 3ρ f c 2 , and u s represents the normal displacement of the surface at the fluid interface. ∇ Figure S1 : Schematic of the cochlea in the finite element model. The round window (RW) and oval window (OW) are coupled to the fluid in the scala tympani (ST) and the scala vestibuli (SV) respectively as shown in A. The SV and the ST are modeled as tapered ducts connected at the helicotrema. The geometry helicotrema has been simplified in our model as a rectangular slit, although the actual geometry of the helicotrema in the cochlea is more complex. The width of the BM (b) increases from base to apex as shown in A. The cross-section of the organ of Corti is shown in B. The OHCs are inclined at an angle α with the BM, and are perpendicular to the RL. The DCs connect the base of the OHCs to the BM and are inclined at an angle φ DC with the axis of the OHC. The dimensions of the different parts of the organ of Corti vary from base to apex, as tabulated in Tab. S1. Height (mm)
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ST expt. SV+SM expt. ST fit SV+SM fit Figure S2 : The height of the scala tympani (ST) and the combined height of scala vestibuli and scala media (SV+SM) in the guinea pig cochlea. The symbols show the height of the scalae ducts derived from experimental measurements of the scalae areas from (1) under the assumption of constant duct width of 10 mm. The solid lines show the smooth theoretical fit of the data used in the model. The theoretical fit of the ST height in the hook region is less than the height seen in experiments. This was required in the model to avoid reflections due to the abrupt change in height.
To reduce the computational cost associated with a 3D finite element mesh in the fluid domain, the pressure distribution in the ducts is decomposed into M orthogonal modes in the radial (y) direction that satisfy the boundary conditions at the walls as
where W is the width of the duct as shown in Fig. S1A and the walls of the duct are at y = ±W/2. In this study, we use three fluid modes, m = 0, 2, 4 to approximate the pressure field in the y direction. Symmetry of the model about the x-z plane ensures that the odd fluid modes are not relevant. Substituting Eq. S3 in Eq. S1, and invoking the orthogonality of the fluid modes leads to the reduction of the equation governing the pressure distribution in the fluid domain to two dimensions as,
The BM is modeled as an orthotropic plate (3). The governing equation for the BM motion is given by (4)
where P ext bm is the net external pressure distribution on the BM from the fluid and the OHCs, and D xx ,D xy ,D s and D yy are orthotropic plate stiffnesses. The BM has been assumed to vibrate with the mode shape corresponding to the first vibrational mode of a plate under pinned-pinned boundary condition in the radial direction given by
where b(x) is the width of the BM at distance x from the stapes.
The TM is modeled as a two degree of freedom system with elastic deformations in the radial (y) and transverse direction (z), and is longitudinally coupled through elastic stiffness and shear viscosity. The governing equation of the TM can be written as (4)
where F ext tm is the total force on the TM in the radial direction by the OHC HBs. The kinematics and dynamics of the organ of Corti is derived through a Lagrangian formulation as in (5) . The phalangeal processes are modeled as viscoelastic elements connecting the BM to the RL at a more apical location.
The current flow in the scalae is modeled using cable theory. The electrical potentials in the SV, SM, OHC, and ST are given by φ SV , φ SM , φ OHC , and φ ST respectively. The schematic of the electrical circuit is shown in Fig. S3 . Figure S3 : Model of the electrical cables and hair cell circuit. The schematic of the longitudinal and crosssectional electrical circuit is shown in (A). The longitudinal cables in the SV, SM and ST connect the different cross-sections of the cochlea. The apical impedence of the hair cell is composed of the apical capacitance (C a ) and resistance (r a ), and the basal impedence of the OHC is composed of the basolateral capacitance (C m ) and the basolateral resistance (r m ). The current conducted by the MET channels (I HB ) depends nonlinearly on the deflection of the stereocilia (u HB ). The transmembrane potential (φ OHC −φ ST ) produces conformational changes in the basolateral membrane of the OHC, leading to its contraction as schematically shown in (B).
The governing equations are given by
where Y a and Y m are admittances at the apical and basal surface of the OHC, respectively. I HB is the current passing through the MET channels in the HBs and is given by
where G 0 is the maximum MET conductance, ∆φ is the potential across the apical surface of the hair cell, u HB,i
is the HB deflection of the hair bundle of the i th OHC, u 0 HB is the resting displacement of the HB, P rest is the resting MET channel opening probability, and δ HB is the MET channel width. I OHC is the current due to the piezo action of the basolateral membrane of the OHCs, given by (6)
where u comp OHC,j is the total inward compression of the j th OHC, 3 is the piezoelectric constant and Z m is the basolateral impedence. The force transduced by the j th OHC is given by (6)
where K OHC is the OHC axial stiffness.
The finite element dynamic stiffness matrix can be written as (5)
where [p] is the vector containing all the pressure nodes of the fluid, [u] is a vector containing the structural nodes and [φ] is a vector containing all the electrical nodes. K f , K s , and K e are the dynamic stiffness of the fluid, structural and electrical domains, respectively. Q f s and Q sf are the coupling matrices for the fluidstructure interactions, and Q se and Q es are the coupling matrices for the electrical-structure interactions. The f p , f s , and f e represent the forcing due to the natural boundary conditions on the fluid, structural, and electrical nodes, respectively. The finite element formalism was developed and solved using custom code written in Matlab (7) and C++. The entire geometry was meshed using linear (bi-linear) shape functions for first (second) order PDEs (see (5)), and Hermite shape functions for the BM plate equations (see (8)). Mesh convergence studies were performed and 1000 nodes in the x direction and 42 nodes in the z direction were found to be optimal. A complete set of parameters is given in Tables S1 through S3. The model geometry of the organ of Corti at the base and apex is shown in Fig. S4 . Figure S4 : The geometry of the organ of Corti at basal (1 mm from stapes) and apical (18 mm from stapes) locations generated from the parameters listed in Tab. S1. Notice that the angle between the RL and the BM (α in Fig. S1B ) is larger at the apex than at the base. Further, the angle between the OHC and the DC axes (φ DC in Fig. S1B ) increases from base to apex.
Comparison of model results with other experimental data
We wanted to explore the generality of our model BM response by comparing the model results to the BM response of a different animal from a different research group. with the parameters used in the main text (given in Tab.S1-3). The experimental data from (24) is shown with 
PhP tilt angle with BM 60 o based on (11)
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Predicting ANF FTC from mechanical tuning
Detailed models of the fluid structure interaction in the sub-tectorial space has shown that the radial motion of the TM with respect to the RL (u T M S/RL ) drives the deflection of the IHC HB by coupling the viscous fluid between the lower surface of the TM with the IHC HB (26) (27) (28) . The transfer function between the TM radial displacement and the IHC HB tip displacement IHC HB is a high pass filter (F 1 (f )) of the form Calculated from (21)
where f is the frequency and f c1 is the corner frequency of the high pass filter. Here, we have assumed a f c1 = 100
Hz (29) . Further, adaptation in mammalian hair bundles leads to a high pass filtering of the MET current (30) (31) (32) (33) (34) and consequently the ANF excitation spectrum. This is included with a second high pass filter F 2 (f ) with corner frequency f c2 = 600 Hz (equivalently a time constant of 1.7 ms) consistent with measurements from experiments ( (32, 34) ). The complete transfer function is given by
ans the ANF excitation (E) is given by (24) . The solid blue lines shows the results from the model with parameters fitted to (25) . The symbols show the experimental data. The active BM gain obtained from the model matches the BM gain when the cochlea is stimulated with 40 dB SPL. Increasing the electromechanical coupling parameter 3 by 7% and 5% to reflect a more sensitive preparation (red and green lines) results in a good fit with the experimental data at 20 dB (circles) and 30 dB (diamonds) SPL (Thanks to Nigel Cooper for providing the unpublished phase data from this study). The phase spectra from our model results is in good agreement with both the active and the passive phase from experiments.
The normalized threshold (T (f )) at the location is given by
where E CF is the ANF excitation at CF. It should be noted that there are additional filters in the IHC as well as nonlinear processes inside the IHC and at the synapse that have been shown to modulate neural tuning (35) influencing factors such as phase locking, but these mechanisms have not been included in our estimate of the input to the auditory nerve. The purpose of this model is to evaluate the first order effects of mechanical tuning on the neural tuning, and in a way, model the electro-mechanical stimulus to the IHC that would serve as the input to the more elaborate IHC and synaptic model presented in (35).
Cochlear tuning from base to apex
The CF map or the tonotopic map of the BM obtained from our model is shown in Fig. S6 with blue symbols and the CF of the threshold ANF FTC is shown with black symbols. The Greenwood map of the CF of multiple locations from different experiments (36) is shown with the solid black line. The exponential place-frequency map fit to the experimental data at the base of the cochlea is shown with a straight dashed line (on the semi-log scale).
It is worth noting that the fit from (36) is based on very few data points at the apex, especially within the last five millimeter of the cochlear spiral. The model recreates the breakdown of exponential scaling at the apex and closely follows the fit of the tonotopic map from (36) . The model predicts that the CF of the ANF could deviate from that of the BM because of the additional filters associated with the hair bundle transduction in the organ of Corti (see previous section). Moreover, the geometry of the helicotrema in vivo could influence the tuning in a significant way within the apical one millimeter of the cochlea and its effect is not captured by the simplistic geometry of the helicotrema assumed in this model. 
Variation of macroscopic fluid viscosity
In this section, we systematically vary the macroscopic fluid viscosity away from the control settings of the model while keeping all other parameters constant to isolate the effect of this parameter on the model response. Fig. S7 shows a panoramic view of the BM, RL and threshold ANF response at 20%, 40%, 70% and 95% the length of the cochlea from the stapes as the macroscopic fluid viscosity is varied. The height of the cochlear duct is the same as the control case (as in Tab. S1) for these simulations. At the base (20%), the effect of macroscopic viscosity on the mechanical tuning is minimal, increasing by 2.5 dB when viscosity is eliminated, and decreasing by 8 dB when viscosity is increased ten fold. The CF is largely unaffected by the change of viscosity (<0.05%). A similar change is observed in the ANF tuning where the threshold is reduced by around 2.5 dB when viscosity is eliminated and is increased by around 8.5 dB when viscosity is increased ten fold. This is expected because the combined boundary layer thickness at CF at this location is around 0.43% of the height of the scala vestibuli, and consequently the macroscopic fluid flow is predominantly inertial.
However the effect of macroscopic viscosity is significant in the middle and the apical turns. At 70% from the stapes, elimination of macroscopic fluid viscosity increases the peak mechanical gain by 4.7 dB and increases the CF by around 8.5%, whereas the increase of macroscopic fluid viscosity decreases the peak mechanical gain by around 12 dB and decreases the CF by 28%. The corresponding changes are also reflected in the ANF tuning curves. The effect of macroscopic fluid viscosity is most pronounced at the apex, where the boundary layer covers 30% of the scala vestibuli. Elimination of macroscopic fluid viscosity led to reflections from the apex as well as increase of mechanical gain by 10 dB and a corresponding increase in CF of around 10%, whereas increasing macroscopic viscosity ten fold led to a significant decrease in mechanical gain by 14.7 dB and a 28% decrease in CF. To summarize, macroscopic fluid viscosity has minimal effect on the mechanical and neural tuning at the base and is not necessary for accurate modeling of cochlear mechanics. However, macroscopic fluid viscosity has a pronounced effect at the apex, and should be included in models of the cochlear apex. 6 Variation of cochlear duct height is reduced by around 40% when duct height is halved. Doubling the duct height increased BM gain by 9 dB and increased the CF by around 34%. From these studies, we can see that the effects of the duct height and viscosity are consistent with theoretical expectations and (more importantly) the correct incorporation of viscosity and duct geometry is critically important for the low frequency, apical region of the cochlea.
Effect of location and optical axis on the OoC response phase
The location and direction of the measurements made in experiments of (37) are different from that of the computational model. In this section, we analyze these differences and relate the two quantities for low frequency (below CF) excitation. Fig. S9 shows a schematic of the organ of Corti vibration in the active (A) and the passive (B) cochlea. In the model, the RL motion is defined to be perpendicular to the original plane of the RL and the absolute motion of this point is identified by a blue arrow in Fig. S9A and B and shown in Fig. 1 of the main text.
The virtual optical axis coincides with this direction as shown in Fig. S9 with blue dotted lines. In the active case (low SPL excitation), the OHC electromotile force acts on the BM and the RL in opposite directions, pulling the Recio-Spinoso and Oghalai estimate the experimental measurement location in their preparation to be "near the reticular lamina at the lateral edge of the outer hair cell region or medial edge of the Hensen cells" ((37)).
Considering this description and the lateral resolution of the imaging voxel (9.8µm), we assume that the measured signal partially includes contributions from the medial portion of the Hensen cells. Furthermore, the optical axis of the OCT system is not perpendicular to the RL. Rather, as reported in (37) , the optical axis is either transverse to the BM or parallel to the central axis of cochlea; using this information, we estimate the axis to be within the two angles shown by the red dotted lines in Fig. S9 . Along this optical axis, the tissue would move outward (positively) upon compression of the OHC (shown with the red measurement point in Fig. S9 A and B) during upward BM motion. Such compression occurs in both the active (low SPL stimulation) and passive cases, putting the measured motion of this tissue out of phase with the stapes motion (as in Fig. 3 (E-H) and in phase with the BM motion at low frequencies. We hypothesize that this as a mechanism to explain the discrepancy in the sub-CF phase of the active RL between the model results and experiments in Fig. 3 (E-H) in the main text. This is a testable hypothesis In the passive model (B), the RL and BM move together, but the RL motion is less than the BM motion. Under this condition, the OoC is still squeezed and the Hensen cells move outward and upward as well as being in phase with the BM (as shown with the red circle), just as in the active case. The hair bundles of the second row of the OHCs have been omitted in the schematics in Fig. (A,B) for clarity. Fig. (C) is from Ciganović et al. (38) and was included here under the PLoS creative commons license.
